Purpose: The present study aims to investigate the association between dual-energy X-ray absorptiometry (DXA) and quantitative ultrasound (QUS) parameters and the intermethods agreement in active males. Methods: In this cross-sectional study, bone health (by DXA and calcaneal QUS), physical activity (by accelerometers), and anthropometrics measurements were assessed in 117 active adolescents (12-14 y old). Bivariate correlation coefficients were calculated to assess the relationships between DXA standard regions of interest and QUS parameters. Intraclass correlation coefficients and Bland-Altman plots were used to assess the level of agreement between bone mineral content regions derived from DXA and stiffness index. The measurements were z score transformed for comparison. Results: Most QUS parameters were positive and significantly correlated with DXA outcomes (stiffness index: r = .43-.52; broadband ultrasound attenuation: r = .50-.58; speed of sound: r = .25-.27) with the hip showing the highest correlations. Moreover, the present study found fair to good intraclass correlation coefficients of agreement (.60-.68) between DXA and QUS to assess bone health. The Bland-Altman analysis showed a limited percentage of outliers (3.2%-8.6%). Conclusion: QUS device could represent an acceptable alternative method to assess bone health in active adolescent males.
Osteoporosis is a skeletal disease characterized by decreased bone mass and abnormal bone microarchitecture, resulting in increased bone fragility (42) . Bone mass acquisition during growth is an important modifiable determinant of skeletal health in adulthood (6, 24) , with a peak bone mass achieved by the end of the second decade or very early in the third decade (2) . Although the genetic predisposition largely determines bone mass, there are also environmental factors, such as physical activity (PA) , that have been shown to predict bone mass during growth (34) .
The investigation into skeletal growth related to PA may be important for the prevention of osteoporosis in later life. It is well known that certain sports induce osteogenic responses in the growing skeleton (36, 41) . However, monitoring osseous changes over time is not an easy task. Dual-energy X-ray absorptiometry (DXA) is currently the reference standard and the most widely used method to assess bone mineral content (BMC) and bone mineral density (BMD) in children and adolescents (8, 31, 35) , due to its time efficiency, precision, and the existing and robust pediatric reference data (5) . However, it has some disadvantages, such as the 2-dimensional technique to predict BMD, the ionizing radiation (0.08-4.6 uSv) (19) , and the fact that it is not portable, limiting its use to the laboratory environment. Therefore, large-scale and longitudinal studies might require techniques other than DXA that effectively estimate bone outcomes.
Quantitative ultrasound (QUS) measurement is considered a valid, safe, easy-to-use, portable, cost-effective, cheaper than DXA, and radiation-free method to assess bone health (1) . The calcaneus site is the most frequent measurement site due to its trabecular content and accessibility (29) . QUS includes the measurement of broadband ultrasound attenuation (BUA), speed of sound (SOS), and a mathematical combination of both BUA and SOS, defined as stiffness index (SI), which is the most widely used variable (11) . In contrast to DXA, QUS parameters provide information about the quality of the bone, the elasticity, and the structural property of the tissues at the measured site (22) . Previously, it has been reported to be a useful tool, similar to DXA, in assessing bone quality in elderly men and women (16, 21) . In young adults, Wetter and Economos (40) reported that improved skeletal status assessed by QUS was associated with sports participation. Additionally, Yung et al (44) observed that regular participation in weight-bearing exercise significantly increases QUS parameters. However, the validity of QUS parameters for monitoring bone health in adolescents compared with DXA is not well known, and the studies using QUS in an active young population are scarce.
Recent studies have described controversial results correlating QUS and DXA in children and adolescents. Weeks et al (39) found not only positive and significant correlations between QUS and regional BMC and BMD DXA measurements but also disagreement between both techniques when children (4-18 y old) were ranked by age of peak height velocity quartiles. SI was positively correlated with total body BMD and BMC measured with DXA in children and adolescents (5-17 y old) (43) . Similarly, BUA was significantly related to total body BMD in children (7-17 y old) (18) . In contrast, a negative and significant correlation between SI and total body BMD was found in 4-to 8-year-old children, whereas no correlation was found with lumbar spine (LS) and leg BMD in this population (28) . The age of the children may have influenced the results of these previous studies because it is known that woven bone tissue is often found in very young children and that woven bone is less stiff than other types of bone tissue (28) . Also, a high degree of measurement error is observed in calcaneal QUS measures in very small or young children (39) .
To the best of our knowledge, there are no studies investigating the relationship between DXA and QUS measures in active adolescents of a narrow age range. Therefore, the present study aims to investigate the correlations between DXA and QUS parameters and the intermethods agreement in 12-to 14-year-old active males.
Methods

Subjects and Study Design
The present investigation is a cross-sectional analysis as part of a 33-month longitudinal PRO-BONE study (effect of a program of short bouts of exercise on bone health in adolescents involved in different sports), of which the inclusion criteria and methods have been previously reported (37) . The present investigation included 107 males aged 12-14 years at the beginning of the study, who comprised 3 cohorts: 41 swimmers, 37 footballers, and 29 cyclists. The inclusion and exclusion criteria were: 1) males aged 12-14 years engaged (≥3 h/wk) in osteogenic (football) and/or nonosteogenic (swimming and cycling) sports in the previous 3 years or more; 2) males aged 12-14 years not engaged in any of these sports (≥3 h/wk) in the last 3 or more years (control group); 3) participants not taking part in another clinical trial; 4) participants not having any acute infection lasting up to <1 week before inclusion; 5) participants had to be free of any medical history of diseases or medications affecting bone metabolism or the presence of an injury; and 6) white ethnicity.
Participants were recruited from athletic clubs across South West England. Written informed consent and assent forms were signed from parents and participants accordingly. 
Anthropometrics Measurements
Stature (in centimeters) and body mass (in kilograms) were measured by using a stadiometer (Harpenden; Holtain Ltd, Crymych, UK; precision: 0.1 cm; range: 60-210 cm) and an electronic scale (Seca 877; Seca Ltd, Birmingham, UK; precision: 100 g; range: 2-200 kg), respectively. Body mass index was calculated as body mass (in kilograms) divided by the height (in meters) squared. All anthropometric measurements were performed 3 times, and the means were calculated. Pubertal maturation was self-reported by the participants during each visit using adapted drawings of the 5 stages (Tanner) of pubertal hair development (30) .
Dual-Energy X-Ray Absorptiometry
A DXA scanner (GE Lunar Healthcare Corp, Madison, WI) was used to measure BMC (in grams) for the LS (L1-L4), bilateral proximal femoral neck, and the total body. The total body scan was then used to obtain data for specific regions, such as legs and total body less head. The analyses were performed using GE enCORE software (2006, version 14.10.022; GE Healthcare, Madison, WI). The DXA equipment accuracy was checked on a daily basis before each scanning session, using the LS phantom as recommended by the manufacturer, and the same researcher performed all the scans. The positioning of the participants and the analyses of the results were undertaken according to the International Society for Clinical Densitometry (5) . DXA have showed excellent precision for BMC (coefficient of variation = 0.6%) in young athletes (3).
Qualitative Ultrasound
QUS measurements were performed with a Lunar Achilles Insight (TM Insight; GE Healthcare, Milwaukee, WI) and the OsteoReport PC (software version 5.x+; GE Healthcare). The QUS uses ultrasound waves to measure the BUA and the SOS. The SI is then calculated by a linear combination of BUA and SOS as follows: SI = (0.67 ×BUA) + (0.28 × SOS) − 420. The same device was used throughout the study, and the calibration was carried out prior to each visit, as in DXA. A standard procedure was followed (Ahead of Print) according to the manufacturer's recommendations. All measurements were performed and analyzed by the same trained researcher. Participants were placed on a stable chair in a comfortable position directly in front of the Achilles device. The position of the leg rested lightly against the calf support, so the foot, calf, and thigh aligned with the center of the calf support and the positioner. Both feet were measured twice in the same session (right, left, right, left), and the mean was used for statistical analyses. The precision data for QUS in children have been reported as 0.2% for SOS, 1.5% for BUA, and 1.8% for stiffness (13) .
Physical Activity
PA was objectively measured for 7 consecutive days, 24 hours per day using wrist accelerometers by using wrist accelerometers (GENEActiv; GENEA, Kimbolton, UK). Accelerometer is a sensor capable of measuring PA, providing objective measurements. The validity and reliability of the accelerometer have been established previously in children and adolescents (20) . Participants were instructed to place the accelerometer on their nondominant wrist, and the time-sampling interval (epoch) was set at 100 Hz to obtain the data in 1-second epoch. For the present study, the time spent in moderate PA and vigorous PA was calculated using a cutoff point of 1140-3599 counts per minute and ≥3600 counts per minute, respectively (20) . Moderate to vigorous PA (MVPA) was calculated using a cutoff point of ≥1140 counts per minute.
Statistical Analysis
Statistical analyses were performed using the SPSS IBM statistics (version 21.0 for Windows; SPSS Inc, Chicago, IL). Both statistical (Kolmogorov-Smirnov test) and visual checks (normal probability plots) were used to examine the normal distribution of the continuous variables. All the variables were normally distributed. Participants' characteristics were described as mean (SD) and by quartiles of MVPA. MVPA was categorized as low (first quartile), average (second and third quartiles), and high (fourth quartile), and between group differences were obtained by analyses of variance.
Bivariate correlation coefficients were calculated to assess the raw relationships between DXA standard regions of interest and QUS parameters. Intraclass correlation coefficients (ICCs) with a 2-way mixed model (27) and Bland-Altman plots were used to assess the level of agreement between BMC regions derived from DXA and SI, using sample-specific z score transformed data. Cutoffs of agreement in ICCs were defined by Fleiss (values of >.75 represent "excellent reliability" and values between .4 and .75 represent "fair to good reliability") (27) .
Bland-Altman plots of the z score transformed DXA and QUS outcomes were performed as a regression between the differences and averages of variables. When the spread of the differences increases with increasing mean, heteroscedasticity, using samplespecific z score transformed data the limits of agreement for the differences are proportional to the mean (7).
Statistical analyses were performed with SPSS IBM software (v.19.0; SPSS Inc) except for Bland-Altman plot where Stata software (StataCorp LLC, Texas, USA) was used.
Results
Both statistical (Kolmogorov-Smirnov test) and graphical methods (normal probability plot) were used to examine the fit to a normal distribution for each variable. All fit acceptably to a normal distribution. Table 1 shows descriptive characteristics [mean (SD)] of the study sample. Participants with low MVPA score were older, taller, heavier, and had more lean mass and total body less head BMC than those with high MVPA score. Participants with average MVPA score were taller and heavier than those with high MVPA score. Figure 1 shows bivariate correlations among DXA standard regions of interest BMC and QUS parameters. Overall, SI (r = .43-.52), BUA (r = .50-.58), and SOS (r = .25-.27) were positively correlated with DXA-measured BMC, except SOS with the total body less head, legs, and LS. In general, DXA-measured BMC correlates better with BUA and SI than with SOS. Table 2 shows ICCs among DXA-measured z-BMC and QUS-derived z-SI. Results show a fair to moderate intermethods agreement with ICCs ranging from .60 to .68.
The Bland-Altman analysis (Table 2 ) and plots ( Figure 2 ) show mean differences between SI and DXA standard regions of interest BMC. A visual analysis of the plots of all the regions of interest also showed that there was a limited percentage of outliers (3.2%-8.6%).
Discussion
The present study is, to our knowledge, the first to investigate agreement between DXA and QUS to assess bone health in active adolescent males. The main findings showed that most QUS parameters were positive and significantly correlated with DXA outcomes. Moreover, the present study found fair to good ICC of agreement between z score transformed data from DXA and QUS to assess bone health in active adolescent males.
Although DXA is considered the gold standard and the most commonly used technique to assess bone status, QUS has been suggested as an efficient alternative method, specifically for largescale studies (18) . Studies among adults have shown positive correlations between DXA and QUS parameters (r = .20-.53) (25, 32) . Also, QUS bone outcomes were significantly associated with risk of fractures in older women to a similar extent to DXA (15) . Previous studies in children and adolescents indicated significantly positive correlations between DXA and QUS measurements at different skeletal sites (4, 18, 43) . This wide variability might be due to the use of different skeletal sites of measurement because some researchers use the radial site (4), whereas others use the calcaneal site (18, 43) as QUS parameters. In accordance with these previous studies, our data show a wide variability of correlations (r = .15-.58), depending on the region and the QUS parameter assessed. Hip BMC demonstrated the strongest correlation with QUS, probably due to the trabecular-rich nature of the hip region (26) as well as calcaneus. In addition and similar to Rawal et al (23) and Wang et al (38) , our data showed that SOS was poorly correlated with DXA measurements (r = .15), in part perhaps because SOS is a volumetric parameter, while DXA variables are areal parameters (14) . In any case, the fact that significant associations between 2 measures of the same parameter were observed does not imply concordance or does not prevent from clinical misclassification.
SI is the parameter used from the QUS manufacturer for the demographic comparison of patients. Moreover, the SI is the linear combination of BUA and SOS and is considered a better indicator of bone quality than BUA and SOS alone (43) . Thus, we used z scores of the SI to find the agreement between DXA and QUS parameters. Previous reports have shown controversial results
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Agreement Between DXA and QUS to Evaluate Boneregarding the agreement of DXA and calcaneal QUS parameters. Previously, Kappa analysis showed that the diagnostic agreement between both methods in spine and femur sites was generally poor in adults (10), although calcaneal QUS can assess hip fracture patients equally as well as DXA hip assessment in elderly women (12) . In children, calcaneal BUA has demonstrated poor agreement with absolute BMC and BMD derived from DXA (39) , and poor agreement of radial SOS with whole-body BMD (4). The present study found fair to good ICC between the 2 techniques using z scores despite the fact that 3.2%-8.6% of the participants fell outside the LOAs. Previous studies found similar results in predicting the long-term risk of fractures among elderly people (17) . It is known that the disagreement between measurements may exist in different skeletal sites due to the measurements performed using different techniques and devices. These discrepancies could reflect the true anatomic variation related to genetic, environmental, or physiological factors (9). To our knowledge, there are no studies analyzing the agreement of both tools in athletic adolescents, and it is well known that sport activities could have an osteogenic function in a growing skeleton. Moreover, this study is novel in the examination of DXA and QUS parameters in adolescents of a narrow age range, as most studies in youth demonstrated relationships between both devices in samples of broad age ranges.
The current study has several limitations that should be acknowledged. First, the cross-sectional design of our study prevents us from making cause-effect inferences. Second, we Note. Data are presented as mean (SD). Abbreviations: BMC, bone mineral content; BMI, body mass index; BUA, broadband ultrasound attenuation; DXA, dualenergy X-ray absorptiometry; FN, femoral neck; LS, lumbar spine; MVPA, moderate to vigorous physical activity; QUS, quantitative ultrasound; SI, stiffness index; SOS, speed of sound; TBLH, total body less head. *Significant difference with high MVPA score (P < .05). **Significant difference with high MVPA score (P < .001). did not examine the foot dimensions, and it has been reported that foot length is an independent predictor of the QUS parameter in males (33) . Third, considering the small sample size of our study, the adjustment by type of sport and Tanner status was not possible. Fourth, accelerometers only register accelerations, and therefore, we may have underestimated the intensity of activities with extra weight as well as those that relate to nonweight-bearing efforts. Fifth, as many different types of DXA and QUS scanners are available, our results may not be generalizable across any devices than the GE Lunar and Lunar Achilles Insight. Finally, our analyses were not a site-to-site comparison between the 2 methods, as different sites are made of varying proportions of trabecular and cortical bone and experience different loading patterns. Nevertheless, it should be noted that further studies are needed to assess similar regions (calcaneal by QUS and DXA) to make comparisons between both techniques.
Conclusion
Currently, DXA is the reference standard for assessing bone health in children and adolescents. However, z scores of DXA-derived BMC and calcaneal SI showed not only moderate and positive correlations but also fair to good agreement and no symptoms of heteroscedasticity in the Bland-Altman analysis. Therefore, the QUS could represent an acceptable method for assessing bone outcomes in active adolescent males.
